Abstract Observed seismic anisotropy gives the most direct information on mantle flow, but it is challenging to image it robustly at global scales. Difficulties in separating crustal from mantle structures in particular can have a strong influence on the imaging. Here we carry out several resolution tests using both real and synthetic data, which show that unconstrained crustal structure can strongly contaminate retrieved radial anisotropy at 100-150 km depth. To efficiently reduce crustal effects, we perform whole-mantle radially anisotropic tomographic inversions including crustal thickness perturbations as model parameters. Our data set includes short-period group velocity data, which are sensitive to shallow structure. We perform a series of tests that highlight the advantages of our approach and show that to properly constrain thin oceanic crust in global radially anisotropic inversions, group velocity data with wave periods of at least T ∼ 20 s or shorter are required. Our Moho perturbation model shows thicker crust along subduction zones and beneath the Ontong Java plateau in the southwestern Pacific than in the global crustal model CRUST2.0. These features agree well with other crustal models as well as with refraction survey data and tectonic features in these regions.
Introduction
Seismic tomography has unveiled 3D velocity structure in the Earth's interior, thereby enhancing our understanding of plate tectonics and linking surface tectonics to deeper mantle dynamics. It has been utilized to reveal not only velocity information but also seismic anisotropy, which may be used to constrain the patterns of mantle convection. Indeed, when combined with information from mineral physics on the slip systems of anisotropic mantle minerals, observed seismic anisotropy provides key information on the largescale deformation caused by mantle dynamics (e.g., Karato et al., 2008) . Radial anisotropy is the simplest type of anisotropy, which can potentially help discriminate between vertical and horizontal directions of mantle flow (e.g., Ekström and Dziewoński, 1998; Gu et al., 2005) .
When imaging mantle structure, it is important to separate the effects of the crust on seismic data from those of the mantle, because even long-period surface waves (T > 100 s) are significantly affected by crustal structure (e.g., Montagner and Jobert, 1988; Bozdağ and Trampert, 2008) . The so-called crustal corrections have been widely used in global tomography since the first global tomography studies (e.g., Woodhouse and Dziewonski, 1984) , whereby the theoretical crustal effects are subtracted from the seismic measurements before inverting for mantle structure. This approach has been a popular alternative to difficult simultaneous inversions for global crustal and mantle structure due to their substantial scale differences. However, crustal effects can be highly nonlinear (e.g., Kustowski et al., 2007; Marone and Romanowicz, 2007) , and it is well known that existing global crustal models typically used for such crustal corrections (e.g., CRUST2.0; Bassin et al., 2000) can contain imperfections. For example, crustal structure of data-poor regions is obtained by extrapolating information from similar tectonic provinces with lots of data, potentially leading to errors.
The imaging of radial anisotropy in the mantle is particularly sensitive to crustal effects. For example, simply changing the model used for crustal corrections in inversions for radial anisotropy can impact the data fit as much as allowing for lateral variations in radial anisotropy (Ferreira et al., 2010) . Because of this difficulty, some researchers prefer to build smooth, long-wavelength equivalent crustal models that fit the data (Fichtner et al., 2009; Lekić and Romanowicz, 2011; French and Romanowicz, 2014) , whereas others invert for mantle and crustal structure globally with Monte Carlo techniques or use full-wavefield numerical methods at regional scales (Chen et al., 2015; Zhu et al., 2015) . Moreover, Lebedev et al. (2013) highlight the strong trade-off between crustal thickness and velocity in surface-wave data inversions. They suggest a Moho depth inversion strategy whereby the use of a priori information on crustal and mantle structure enables enhanced Moho mapping.
Recently, a new global radially anisotropic whole-mantle model SGLOBE-rani has been built using a massive seismic data set (Chang et al., 2015) , which revealed new features about the Earth's deep interior (Chang et al., 2016) . To better constrain radial anisotropy, notably by addressing the crustal correction problem in global tomography, Chang et al. (2014 Chang et al. ( , 2015 included crustal thickness perturbations from CRUST2.0 (Bassin et al., 2000) as model parameters as well as shear-wave velocity and radial anisotropy perturbations in their tomographic linearized inversions. For this purpose, they used short-period group velocity data (Ritzwoller and Levshin, 1998 ) with a period range down to T ∼ 16 s along with a large set of longer period surface-wave phase velocity measurements as well as body-wave travel-time data. Thus, the ultimate goal of SGLOBE-rani was to improve global anisotropic tomography through simultaneous inversions for Moho depth as well as for isotropic and anisotropic shear-wave velocity parameters.
In this study, we perform resolution tests with both synthetic and real data to assess the performance of joint inversions for crustal thickness, mantle isotropic and radially anisotropic structure at separating crustal and mantle effects. We quantify the influence of unconstrained crustal structure on retrieved radial anisotropy in the mantle. Moreover, to efficiently reduce crustal effects, we carry out resolution tests to determine which wave period range of group velocity data is needed to avoid crustal-mantle contamination in the inversions. Then, we compare the Moho depth perturbations obtained from SGLOBE-rani with the global crustal models CRUST1.0 (Laske et al., 2013) , CRUST07 (Meier et al., 2007) , and LITHO1.0 (Pasyanos et al., 2014) , and with seismic refraction survey data to investigate their consistency with other models and observations.
Data and Modeling
In this section, we briefly summarize the strategy used to build SGLOBE-rani and its associated crustal thickness perturbations (Chang et al., 2015) , which underlies the various synthetic and real data tests undertaken in this study. The data set used consists of ∼43;000;000 surface-wave fundamental-mode and overtone dispersion measurements and ∼420;000 body-wave teleseismic travel-time data, which have complementary lateral and vertical sensitivity to mantle structure (see Chang et al., 2015 , for a full description and references of the data used). Among this data set, fundamental-mode group velocity data (Ritzwoller and Levshin, 1998) play an essential role in constraining crustal structure, because they are more sensitive to shallow structure than phase velocity data (e.g., Lebedev et al., 2013) . The period range of the group velocity data is from T ∼ 16 to 150 s for Rayleigh waves and from T ∼ 16 to 100 s for Love waves, respectively. The shortest period of fundamental-mode phase velocity data we used is T ∼ 25 s (Chang et al., 2015) .
We expanded the model horizontally with spherical harmonic basis functions up to degree 35, corresponding to a lateral grid distance of ∼6°. Hence, a total of 1296 model parameters are associated with crustal thickness perturbations. Our strategy to model crustal structure comprises two main steps. We first apply crustal corrections to all data using the CRUST2.0 crustal model superimposed on preliminary reference Earth model (PREM's) mantle structure (Dziewoński and Anderson, 1981) . While the body-wave travel-time corrections are obtained from cross correlations on normal-mode summation theoretical seismograms (Ritsema et al., 2009) , for surface waves we calculate the local predicted eigenfrequencies of the surface wave-equivalent modes in the 2°× 2°grid of CRUST2.0. The path-integrated predicted crustal signals based on the great-circle approximation are then subtracted from the measured eigenfrequency for each path. We take into account nonlinear effects of crustal structure on surface-wave dispersion data by exactly calculating local eigenfrequencies using normal-mode theory (e.g., Takeuchi and Saito, 1972) . Second, the corrected data are jointly inverted for isotropic and radially anisotropic shear-wave perturbations with respect to PREM and for crustal thickness perturbations from CRUST2.0 given that the data are corrected for CRUST2.0. Mid-crustal discontinuity topographies are also adjusted according to the variation of the estimated crustal thickness. Sensitivity kernels with respect to crustal thickness are calculated with the formulation of Woodhouse and Dahlen (1978) for phase velocity data and by numerical differentiation for the group velocity and body-wave travel-time data. Sensitivity kernels with respect to isotropic S velocity and radial anisotropy for group velocities are calculated using the sensitivity kernels for phase velocities (Takeuchi and Saito, 1972) , following Rodi et al. (1975) . We use the PREM model as the 1D starting model and the tomographic inversions are carried out using a damped least-squares inversion procedure (Ferreira et al., 2010; Chang et al., 2015) . Synthetic tests showed a good retrieval of realistic crustal structures (further details are given in Chang et al., 2015) . In addition, the use of the greatcircle approximation is justified by the fact that this study focuses on phase and travel-time data. For example, recently Parisi and Ferreira (2016) showed that the great-circle approximation accurately predicts Rayleigh-wave phase information at least down to T ∼ 45 s for realistic 3D Earth models. Regarding shorter period data, notably the short-period group velocity data used in the construction of SGLOBE-rani, these measurements are based on very strict data selection criteria (e.g., Ritzwoller and Levshin, 1998) , which avoid data strongly deviating from ray theoretical predictions. Nevertheless, one should bear in mind that potential unaccounted off-great circle and finite-frequency effects are a possible caveat of our study, notably for short-period Love-wave data.
Resolution Tests
In this section, we perform various resolution tests to quantify the crustal effects on retrieved mantle radial anisotropy ξ V SH =V SV 2 and to determine the adequate period range of surface-wave data necessary to robustly constrain global crustal and mantle structure. We use both real and synthetic data and follow exactly the same inversion procedure as that used to build the SGLOBE-rani model.
Testing the Effect of the Range of Wave Periods Used in the Inversions
We start by performing resolution tests whereby theoretical fundamental-mode surface-wave data with a varying period range are used in synthetic inversions (Fig. 1) . The synthetic surface-wave data share the same ray paths as in our real data set. The true input model contains Moho depths as in CRUST2.0 combined with 2000 km × 2000 km checkers of 5% anomalies in the mantle. Figure 1 shows the retrieved structures. Because group velocity data are more sensitive to Moho depth than phase velocity data, and the shortest period of phase velocity data is T ∼ 25 s in our data set (whereas the period range of group velocity data goes down to T ∼ 16 s), group velocity data play an essential role in the resolution tests. When the shortest period of group velocity data used in the inversion is T ≥ 25 s, checkers emerge in the retrieved crustal thickness perturbations, notably in oceanic crusts, indicating that group velocity data with T ≥ 25 s do not resolve well thin oceanic Moho depths. This problem is alleviated when a wider period range is used in the inversions, with shorter wave periods down to T ∼ 20 s and T ∼ 16 s. These tests demonstrate that short-period group velocity data with wave periods down to at least T ∼ 20 s are necessary to constrain Moho depths globally. Moreover, our tests show that the incorporation of group velocity data with an inadequate period range may lead to the contamination of retrieved crustal thickness by mantle structure.
We then performed more realistic synthetic resolution tests, also successively changing the wave period range of the surface-wave data used in the inversions, but now using the SGLOBE-rani model as input model. Figure 2 shows the retrieved results when using group velocity data with periods down to 25 s (G25 test) and 16 s (G16 test). While the model obtained using group velocity data down to 16 s shows small differences to the true model, the result using group velocity data down to 25 s depicts larger differences. As for the retrieved crustal thickness perturbations, the G25 test shows thicker oceanic crusts than the input model, whereas the G16 test recovers the anomalies almost perfectly. The same trend is observed when analyzing the retrieved radial anisotropy. The G25 test shows significant differences from the input model down to 150 km depth, whereas the G16 test performs better. Regarding results for Voigt average isotropic structure, the G25 test also performs as well as the G16 test except for 50 km depth, which means that the crust affects the recovered radially anisotropic structure more strongly than the Voigt average isotropic structure. This is probably due to the weaker sensitivity of the data to anisotropic structure than to isotropic structure, as well as to the different behaviors of sensitivity kernels of Rayleigh-and Love-wave group velocities for the depth range of crust, which will be shown later in the Discussion and Conclusions section.
Because our data and modeling uncertainties are essentially unknown, we do not add errors to the synthetic data and thus, while very instructive, our synthetic tests have some limitations. Hence, we also carried out inversions with the same real data set as used to build SGLOBE-rani, but with different wave period ranges. As explained previously, SGLOBE-rani was built by incorporating group velocity data down to T ∼ 16 s. If we use group velocity data only down to 25 s, we obtain a different model to SGLOBE-rani (Fig. 3) . While slight differences in isotropic structure are only observed at shallow depths (∼50 km), differences in anisotropy persist down to ∼150 km depth, showing the susceptibility of radial anisotropy to crustal effects. The differences in crustal thickness perturbations (bottom panel of Fig. 3 ) are similar to those obtained in the synthetic test shown in Figure 2 . Beneath the eastern Pacific, the Indian Ocean, and the Atlantic Ocean, the retrieved oceanic crust gets thicker than in CRUST2.0 when using group velocity data with T ≥ 25 s, which is not realistic. This confirms that group velocity data with T ≤ 20 s are necessary to properly constrain oceanic crust, especially thin oceanic crusts around ridges, and to robustly image anisotropy in the mantle.
Testing the Leakage of Crustal Structure into Retrieved Mantle Structure
The previous real data resolution test showed that to both properly image crustal thickness perturbations and to reduce artificial mantle anisotropy features, it is necessary to use data with T ≤ 20 s in our inversions. To further test whether our data set and modeling strategy can prevent the leakage of crustal structure into mantle structure, we carried out a synthetic test using the CRUST2.0 model as the true input model combined with PREM's mantle isotropic and radially anisotropic structures. . Two synthetic resolution tests for (top) the retrieval of crustal thickness perturbations and for (bottom) Voigt average isotropy and radial anisotropy. SGLOBE-rani is the true input model. G16 test and G25 test represent the resulting models with all group velocity data down to 16 s and 25 s, respectively. Panels named "Difference" are constructed by subtracting the output test models from SGLOBE-rani.
Maximum crustal thickness perturbations of over 30 km are well retrieved, which is very encouraging. Indeed, such large perturbations are not expected from our real data inversions because the data are corrected for CRUST2.0. The middle and right columns of Figure 4 show depth slices of the retrieved isotropic and radially anisotropic output perturbation models, respectively, which should in principle contain no perturbations. The results show only very small mantle structure variations (< 1%). We observe isotropic low-velocity anomalies at ∼50 km beneath Africa and the Atlantic Ocean, but the anomalies (< 1%) are very small compared with the actual amplitudes of the isotropic part of SGLOBE-rani at the same depth ( Fig. 3 ; note the different ranges of the scale bars).
Finally, to investigate how unconstrained crustal structure may leak into mantle structure when using real data, we compare mantle models obtained with and without crustal thickness perturbations as model parameters in real data . SGLOBE-rani and the differences between it and the output model from real data inversions excluding short-period group velocity data (less than 25 s). The first two columns correspond to the isotropic models and the next two columns are related to the anisotropic models.
Crustal thickness perturbations associated with SGLOBE-rani and the differences between the two models are presented at the bottom.
inversions. Figure 5 shows the differences between the two models. The amplitude of the observed differences is comparable to the amplitude of anomalies in SGLOBE-rani for several regions such as Tibet, the Himalayas, Alps, subduction zones, and North America, notably at 100-150 km depth for anisotropic structure and at 150 km depth for isotropic structure. As expected, the retrieved anisotropy images are more strongly affected by unconstrained crustal structure than the isotropic images. Differences in anisotropic structure persist down to 400 km depth, with peak amplitude at 100 km depth. These strong amplitude differences highlight the importance of including crustal perturbations as model parameters in the inversions to absorb unconstrained crustal structure and to reduce spurious features in the retrieved anisotropy, notably at 100-150 km depth.
Crustal Model Comparisons
To further validate our modeling approach, in this section we compare our Moho perturbation model with previous crustal models and Moho depths from refraction surveys and receiver functions. In Figure 6 , we compare our Moho depth perturbations with three previous crustal models: CRUST1.0 (Laske et al., 2013) , CRUST07 (Meier et al., 2007) , and LITHO1.0 (Pasyanos et al., 2014) . The four models are presented as perturbations with respect to CRUST2.0, which is also shown for reference.
CRUST1.0 is a high-resolution crustal model based on a compilation of various sources of information such as refraction survey and receiver function studies. It is an update of the CRUST2.0 (Bassin et al., 2000) and CRUST5.1 (Mooney et al., 1998) models, built on a 1°× 1°grid by assembling observations from data-rich regions, which are extrapolated to data-poor regions with similar tectonic characteristics. CRUST07 comprises average crustal shear-wave velocity and Moho depth on a 2°× 2°grid. It was built by using a neural network approach to invert T ∼ 35-145 s fundamental-mode phase velocity data (Trampert and Woodhouse, 2003) and group velocity measurements for Rayleigh and Love waves in the period range of T ∼ 18-145 s and T ∼ 25-145 s, respectively . LITHO1.0 is a 1°tessellated model of the crust and uppermost mantle, which was built by constructing an appropriate starting model and by perturbing it to fit surface-wave dispersion curves (phase and group velocity with the 25-200 s period range). The starting model is the combination of CRUST1.0 for the crust and the LLNL-G3D model (Simmons et al., 2012) for the upper mantle. As shown in Figure 6 , SGLOBE-rani has lower resolution than other high-resolution models because it was built using spherical harmonic basis functions up to degree 35. We recall that our main purpose is not to build a new highresolution global crustal model, but rather to constrain Moho perturbations that help better infer mantle anisotropy in a selfconsistent way. Hence, the comparisons in this section serve as a consistency check between the various crustal models to verify the reasonableness of our crustal model and to further validate our modeling approach. A detailed comparative assessment of the quality of the various crustal models is beyond the scope of this study. Figure 6 shows some discrepancies between the four models as well as some common features. SGLOBE-rani shows large Moho depth perturbations mainly in oceanic crusts in the southwestern and western Pacific. Anomalies with small amplitudes in oceanic crusts are probably not meaningful, and are probably related to the spherical harmonics parameterization used in the inversions. CRUST1.0 seems to exhibit large crustal thickness variations mostly in continental crusts and small perturbations in oceanic crusts. CRUST07 shows large variations in crustal thickness, with strong lateral changes. It exhibits very thin oceanic crusts (e.g., ∼4 km thinner oceanic crust than CRUST2.0 away from subduction zones) and it shows thicker crust along the subduction zones in the western Pacific as in SGLOBE-rani. In contrast, LITHO1.0 shows overall thicker crust than the other models (e.g., ∼5 km thicker oceanic crust than CRUST2.0). The differences between CRUST07 and LITHO1.0 are somewhat surprising given that both models are based on surface-wave dispersion data. This discrepancy may be due to the different period range of data used and to different modeling approaches.
To assess these different features in the crustal models, we need to carry out comparisons with reliable data sets. Thus, we compare the four models with high-resolution Moho depth measurements from seismic refraction surveys and receiver functions for oceanic crust. As explained previously, unlike CRUST07 and LITHO1.0, CRUST1.0 and CRUST2.0 are based on large compilations of geophysical information, including seismic refraction data and receiver function studies. However, at present the full list of data sources and references used in the construction of CRUST1.0 and CRUST2.0 has not been made publicly available, and thus it is not entirely clear whether the refraction and receiver function data used in this study are included in CRUST1.0 or CRUST2.0. Hence, our various comparisons between crustal models and refraction data may not be entirely independent.
Continental crustal structure can be very heterogeneous due to complex orogenic activities, including, for example, partial melting due to continental collision (e.g., Owens and Zandt, 1997) , making it potentially more difficult to model using global approaches. Because of the strong trade-off between crustal thickness and velocity (Lebedev et al., 2013) , in the construction of SGLOBE-rani we only model crustal thickness and keep the crustal velocity fixed to that of CRUST2.0. Hence, the retrieved crustal thickness perturbations may be contaminated by uncorrected crustal velocity. This issue should be less severe for oceanic crustal structure, which is more homogeneous than continental crust. Thus, we focus on three areas where large oceanic Moho depth perturbations are observed in SGLOBE-rani: subduction zones in the southwestern Pacific (Fig. 7) , in the western Pacific (Fig. 8) , and in the Caribbean Sea (Fig. 9) .
For the southwestern Pacific region, CRUST2.0 and refraction survey data are overall consistent with each other except for the Ontong Java plateau, where thicker crust is found by the refraction survey data (Furumoto et al., 1970; Gladczenko et al., 1997 ; top left panel in Fig. 7 ). This inconsistency suggests that CRUST2.0 does not include the refraction data we collected for the Ontong Java plateau. Interestingly, the other four crustal models show thicker crust beneath the Ontong Java plateau, which is consistent with each other and with the refraction survey data. The Ontong Java plateau is expected to have thicker than average oceanic crust due to a massive magmatic eruption by a mantle plume (Tarduno et al., 1991) . On the other hand, most of the models depict thin crust beneath the north Fiji basin, where ridges are active (orange lines in Fig. 7) . Furthermore, in the west of New Zealand and around the New Hebrides trench, all four models show thicker crust than CRUST2.0, despite differences in the detailed structures in each model. Thus, overall, we observe that SGLOBE-rani is generally consistent with the large-scale features in the other crustal models, showing similar perturbations from CRUST2.0.
We estimate the root mean square (rms) misfit of Moho depths in each model with respect to values from the seismic refraction survey data assembled (59 points in Table 1 ; Furumoto et al., 1970; Shor et al., 1971; Gladczenko et al., 1997) , using the following equation: E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 ; 3 1 3 ; 1 9 3 rms P n i1 C m − C r 2 n − 1 r ; 1 in which n is the total number of data, C m and C r are Moho depth from the five crustal models and refraction surveys, respectively. The results for CRUST1.0, CRUST2.0, CRUST07, LITHO1.0, and SGLOBE-rani are 4.97, 7.48, 6.14, 6.52, and 5.45 km, respectively. SGLOBE-rani shows quite good agreement with results from refraction surveys despite its low resolution. In Figure 8 , we compare the various crustal models for the western Pacific. We collected seismic refraction survey data across trenches in Japan (43 points in Table 2 ) reported by Iwasaki et al. (1989 Iwasaki et al. ( , 1990 , Hetland and Wu (2001) , Kodaira et al. (2002) , Takahashi et al. (2004 ), and Nakamura (2014 . For this region, the Moho depths from CRUST2.0 and from refraction data seem to be generally consistent. The main discrepancies seem to occur near trenches, where thicker crust is found by the refraction data within short ranges. Thicker crust than CRUST2.0 along the subduction zones is also found in the other crustal models except CRUST1.0, but this feature is probably smeared out to wide areas due to limited resolution. The misfits of the crustal thickness models with respect to the refraction survey data (equation 1) are 9. 86, 10.01, 9.47, 8.82 , and 8.99 km for CRUST1.0, CRUST2.0, CRUST07, LITHO1.0, and SGLOBE-rani, respectively. Overall, the Moho depths from SGLOBE-rani fit the results from refraction data as well or even slightly better than other models, notably by showing thick crust near the trenches. Nevertheless, for all models the fit is poorer than for the southwestern Pacific (Fig. 7) . This is probably due to the coarse grids used in the models' construction, which do not capture the dramatic variations in crustal thickness across the trenches shown by the refraction data.
In Figure 9 , we compare the various crustal models for the Caribbean Sea and the Gulf of Mexico. We collected 42 points (Table 3) Guedez (2007), Christeson et al. (2008 Christeson et al. ( , 2014 , Clark et al. (2008) , and Magnani et al. (2009) . In the comparison between CRUST2.0 and the collected Moho data, two main discrepancies are observed beneath the Gulf of Mexico and the southern Caribbean deformed belt (SCDB). In the Gulf of Mexico, the refraction data indicate thinner crust than CRUST2.0, whereas in the SCDB a rapid variation is observed from thicker to thinner crust. Interestingly, all the crustal models except CRUST1.0 show thicker crust than CRUST2.0 beneath the Gulf of Mexico. This is possibly because while CRUST1.0 may include the refraction survey data used in these comparisons, the other models are built using surface-wave data. The very low crustal velocity due to a thick sedimentary layer in the Gulf of Mexico may obscure the proper estimation of its Moho's depth using surface waves. Indeed, an unconstrained low-velocity layer may cause apparent thicker crust in the models to fit the surface-wave data. On the other hand, the rapid variation in Moho's depth in the SCDB is generally shown in all the four models, but CRUST1.0 does not match well the thicker crust in this region. The rms misfit (equation 1) for CRUST1.0, CRUST2.0, CRUST07, LITHO1.0, and SGLOBE-rani are 11.45, 11.03, 13.23, 12.84, and 10.81 km, respectively. Based on the aforementioned cases, we conclude that, despite their lower resolution, the crustal thickness perturbations associated with SGLOBE-rani match Moho depths in the regions investigated as well as other recent global crustal models, and show a better rms misfit than its initial crustal model, CRUST2.0. These comparisons suggest that SGLOBE-rani provides reliable information on oceanic crustal thickness, highlighting the performance of our strategy of joint inversions for crustal thickness and mantle isotropic and anisotropic structures. 
Discussion and Conclusions
In this study, we conducted a series of real data and synthetic resolution tests to understand the importance of simultaneously inverting for crustal thickness perturbations and for mantle isotropic and radially anisotropic structure in global tomography. Because unaccounted crustal structure influences the mapping of radial anisotropy in the Earth's mantle significantly (Ferreira et al., 2010; Xing and Beghein, 2015) , we included crustal thickness perturbations as model parameters in global tomographic inversions to better account for crustal effects (Chang et al., 2014 (Chang et al., , 2015 .
First, our tests showed that short-period group velocity data are essential to constrain crustal structure, and that group velocity data with wave periods down to at least T ∼ 20 s are necessary to properly image thin oceanic crust. Second, we demonstrated that uncorrected crustal structure has a strong influence on retrieved mantle radial anisotropy structure, notably at 100-150 km depth. Therefore, adding crustal thickness perturbations as model parameters to the tomographic inversions reduces the distortion of the retrieved radial anisotropy by uncorrected crustal structure, whose effects can persist down to the mantle transition zone. There have been several attempts to adopt group velocity data in global tomography studies (e.g., Shapiro and Ritzwoller, 2002; Lekić and Romanowicz, 2011; French et al., 2013; French and Romanowicz, 2014) . However, most previous studies used group velocity data down to T ∼ 25 s to constrain crustal structure, which potentially limits the robustness of the retrieved mantle anisotropy structure. To understand why it is necessary to use data with wave periods shorter than 25 s, it is useful to examine the sensitivity kernels of Rayleigh-and Love-wave group velocity data (Fig. 10) , which are quite distinct, especially for crustal depths (< 25 km). While group velocity measurements of Love waves are strongly sensitive to the crust, T ∼ 25 s Rayleigh waves have little sensitivity to structure at crustal depths. On the other hand, shorter-period Rayleigh waves (less than 25 s) show stronger sensitivity to the crust. Unresolved crustal anisotropy due to the big differences in sensitivities of T ∼ 25 s Rayleigh and Love waves may be responsible for the distortion of the retrieved mantle anisotropy. Because Rayleigh waves dominate the group velocity data set used in our inversions, it becomes clear that T ≤ 20 s group velocity data are needed to properly constrain crustal thickness and hence to reduce the contamination of unresolved crustal features into the retrieved mantle anisotropy. Recently, Xing and Beghein (2015) assessed the importance of crustal corrections in radially anisotropic tomography using a Bayesian approach, whereby they compare model uncertainty with the influence of various crustal corrections. They show that retrieved radial anisotropy is more sensitive to crustal corrections than isotropic structure, especially for 100-150 km depth, which is consistent with this and previous studies (e.g., Ferreira et al., 2010) . They find that crustal effects are larger than model uncertainty beneath continental crust such as Tibet, North America, and South America, which are also regions identified in our study as having strong crustal effects. However, their study probably comprises conservative bounds of crustal effects, because they only use fundamental and higher-mode phase velocity data down to a wave period of 35 s. As shown before, this period range seems inadequate to resolve crustal structure. Therefore, there are likely wider areas of significant crustal effects beyond model uncertainty when shorter-period phase/ group velocity data are used such as along the subduction zones in the western Pacific. Because it is quite challenging to fully quantify model uncertainty, we do not know whether our estimated Moho perturbations are beyond model uncertainty. Nevertheless, we studied the effect of regularization on the retrieved Moho perturbations (Fig. 11) . The various models considered with different levels of regularization show very similar features of thick crusts along subduction zones, which is the most peculiar feature in the Moho perturbations associated with SGLOBE-rani. This suggests that the retrieved thick crust along subduction zones is a robust feature beyond errors associated with regularization. To further verify our approach and the crustal thickness perturbations from CRUST2.0 associated with SGLOBErani, we then compared the corresponding Moho depths with other global crustal models (CRUST1.0, CRUST07, and LITHO1.0) and with results from seismic refraction survey data and receiver function data obtained across trenches in the southwestern and western Pacific and the Caribbean Sea. Despite having lower resolution, SGLOBE-rani shows good consistency with the previous crustal models and with results from refraction survey data and receiver function data. This suggests that SGLOBE-rani properly resolves Moho depths (notably in oceanic regions along subduction zones), and thus reduces the contamination of unresolved crustal features into the retrieved mantle anisotropy. The crustal thickness results may depend on the choice of the initial model, because we linearize the problem after applying nonlinear crustal corrections to the data based on the initial model. Therefore, to avoid biases in the results, it is important to choose a proper initial crustal model providing a good initial description of crustal properties. 
Data and Resources
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